We analyse how dark matter (DM) can be produced in the early universe, working in the framework of a hidden sector charged under a U(1)' gauge symmetry and interacting with the Standard Model through kinetic mixing. Depending on the masses of the dark matter particle and of the dark photon, as well as on the hidden U(1)' gauge coupling and the kinetic mixing parameter, we classify all the distinct regimes along which the observed dark matter relic density can be accounted for. We find that 9 regimes are potentially operative to produce the DM particles and this along 5 distinct dynamical mechanisms. Among these, 4 regimes are new and correspond to regimes in which the DM particles are produced by on-shell dark photons. One of them proceeds along a new dynamical mechanism, which we dub sequential freeze-in. We argue that such regimes and the associated dynamical mechanisms are characteristic of DM models for which, on top of the Standard Model and the dark sector, there are other massive, but relatively light particles -akin to the dark photonthat interact both with the SM and the DM sectors.
I. INTRODUCTION
As the nature of the dark matter (DM) remains a mystery, it is possible that DM is a particle that belongs to a whole new hidden sector. This hidden sector may be coupled through the Standard Model (visible sector) through a few possible portals [1] . The question we study further in the present work is how to account, in generic terms, for the abundance of a dark matter (DM) particle produced through portals. For the case of the kinetic mixing portal with a massless dark photon, this has been addressed in much details [2] . That work also includes the case of dark matter creation through the Higgs portal. In the present work, we consider the possible impact of a finite dark photon mass. More generically, our study applies to DM production in models in which a relatively light particle couples both to the DM and to SM particles.
The existence of a massive dark photon, associated to a hidden U(1)' gauge interaction, has been the object of many investigations, both theoretically and experimentally, see e.g. the reviews [3] [4] [5] . This possibility is wellmotivated, very rich phenomenologically and, moreover, is directly related to the DM problem. Indeed, a gauge symmetry is a most natural way to stabilize a particle [6] [7] [8] [9] [10] . Specifically, we consider the following simple and popular model Here χ is a Dirac fermion, singlet under the SM gauge group but charged under U(1)' and will be our DM candidate. Its covariant derivative is D µ = ∂ µ +ie B µ , where B µ and e are the U(1)' gauge field and coupling. This dark, or hidden, sector is coupled to the Standard Model (SM) sector through the so-called kinetic mixing portal term, which mixes the dark gauge field to the SM hypercharge one with a mixing parameterˆ [11] . This Lagrangian thus involves 4 new parameters, m DM ,ˆ , e and what will turn out to be the mass of the dark photon particle, m γ . Equivalently, we will make use of the hidden sector fine structure constant α ≡ e 2 /4π and of the combination κ =ˆ cos θ W e /e, which is the millicharge of the DM in the limit m γ → 0. The dark photon mass can arise either through the Stückelberg [12] or through the Brout-Englert-Higgs mechanism [13, 14] . In the latter case, there are necessarily several other parameters and degrees of freedom associated to U(1)' breaking (the dots in Eq. (1.1)). In the sequel, we will assume that these extra ingredients may be neglected. However, we will briefly discuss their possible impact in Appendix B.
In the case of a massless dark photon, the problem of accounting for the DM abundance through the kinetic mixing portal has been studied in [2] . It has been shown in that work that the observed relic density could be reached along 4 distinct dynamical mechanisms depending on the values of the parameters of the model. These dynamical mechanisms are: freeze-in (regime Ia in the sequel) [2, [15] [16] [17] , reannihilation (IIIa) [2, 16] , secluded freeze-out (IVa) 1 and, finally, the standard textbook thermal freeze-out mechanism (Va and Vb). Alto-gether, these 4 mechanisms lead to 5 different regimes through which the DM abundance can be reached in the case of a massless dark photon. Indeed, the standard freeze-out of the dark matter particles could occur either through annihilation into SM particles (Vb regime) or into the dark photons themselves (Va regime). We will thus distinguish production mechanisms (classified using Roman numerals) and regimes (distinguished using the Latin letter a or b, as in the case of freeze-out).
The aim of the present work is to revisit this classification of DM production mechanisms, taking into account the possible effects of the mass of the dark photon. By considering the dark photon model above, the generic underlying structure we will be considering is that of a system composed of 3 distinct particle sectors, together with 3 possible connections between the sectors. This structure is depicted in Fig. 1 , again with a focus on the kinetic mixing setup and its ingredients. So, the 3 sectors (depicted as blobs) consist of the SM, the dark matter particle χ and the massive dark photon γ , while the connections between the sectors (depicted as lines) are parameterized by the mixingˆ (or more precisely eff , which will be defined below), the hidden fine structure constant α and the "millicharge" κ. Considering such a structure, we will point out the existence of 4 new regimes (noted Ib, II, IIIa and IVa), including one along a new dynamical mechanism (II), making in total potentially 9 distinct ways to reach the observed DM abundance. 
FIG. 1. The 3 sectors (blobs) and their 3 connections (lines).
In the limit of massless dark photon, (or more generally, as eff → 0, see text) the connection between the SM and dark photons blob is absent.
As we will explain in the following sections, the 9 production regimes can be read from this figure by considering the different ways through which the hidden sector particles can be created and whether they are in thermal equilibrium with each others and/or with the SM sector. This is shown in Fig. I . There, one sees the 4 new regimes that emerge in the case of massive dark photon (and so are absent in the massless limit -see later) and noted Ib, II, IIIa and (a priori, see however below) IVa. As the solid arrow lines between the sectors mean to suggest, they all correspond to regimes in which DM is created from the SM sector via the production of real, on mass-shell dark photons. All these regimes follow each others along a characteristic pattern in the parameter space, which in the sequel we call "the phase diagram" and that can be seen in Figs. 4 and 5 for two illustrative hidden sector mass setups. Most interestingly, some of these new regimes allow for DM production for values of κ that are even smaller than in the case of standard freeze-in (regime Ia). As we will see, whether a specific regime is actually relevant will depend not only on the connections parameters, but also on the DM and dark photon masses. Our work is organized as follows. In Section II we will present how the various particles in the kinetic portal model of (1.1) can interact, focusing on the case of a massive dark photon. Next, in Section III we will derive and discuss the parameter space or phase diagram in which we show, as a function of the parameters, how the different regimes that lead to the observed DM relic density are related with each others. We discuss each regime in details but put a particular emphasis on the new regimes. For the sake of our classification and to simplify our discussion, in that section we will be putting aside some complications that arise due to the peculiar nature of the kinetic mixing portal. In particular, we neglect there the impact of thermal effects on the propagation and production of dark photons. These will be considered in Section IV, emphasizing their impact on the different production regimes we found. Next we will discuss briefly, in Section V, the other constraints which hold on this model. Finally, in Section VI, we will elaborate on the generality of the phase diagram we have obtained, discussing the possible effect of other degrees of freedom and then draw our conclusions. The Appendix A contains a technical summary based on the existing literature on thermal effects on dark photons production and progagation. The case in which the mass of the dark photon arise through the Brout-Englert-Higgs mechanism is considered in Appendix B.
II. THE THREE SECTORS AND THEIR CONNECTIONS
We focus on the model of Eq. (1.1) and aim at studying the abundance of the new particles, here the dark matter, made of particle χ andχ, and the dark photon γ . To determine the relevant processes, we need to establish the coupling of dark photons to the SM sector. The procedure is standard and consists first to have canonical kinetic terms for the gauge fields; we repeat the argument here for the sake of clarity. To do so, we exploit the fact that the values of that are relevant for DM production will turn out to be always small numbers, so we can treat the effects of mixing as a perturbation. From Eq. (1.1), making the non-orthogonal transformation
leads to 2) to leading order inˆ , where we only show the terms relevant for our argument. Clearly, as the SM particles only couple to the SM gauge fields, in particular the neutral ones,
, in the limit m γ = 0, they do not mix with the dark photon ≡B µ . Here θ W is the usual Weinberg angle; the subscript 0 is to insist on the fact that they are the usual SM fields. The SM particles do not interact with the dark photon while the χ particles are coupled to the SM photon A µ 0 with millicharge κ = e /e, where =ˆ cos θ W . They are also coupled vectorially to the Z µ 0 boson, with coupling −e tan θ W . Thus, if m γ = 0, the only possibility to create dark photons is through the production of χ particles [2, 20] .
If, on the other hand, m γ = 0, dark photons can be created directly by SM particles through the mixing mass term
in Eq. (2.2). Like in the description of neutrino oscillations, we refer to the basis of Eq. (2.2) as the interaction eigenstates basis. It is interesting to go forward and diagonalize the mass terms. We will only consider cases in which m B m Z , and so again we do the diagonalization to leading order in 1. Performing the orthogonal transformation
while m A = m γ , with m Z0 like in the SM. Now, it is easy to see that this mixing term introduces a mass splitting between the A µ and Z µ 0 field that is O( 2 ) and thus can be neglected. So the dark photon field A µ has indeed a mass 6) while the field A µ is massless. This eigenmass basis makes clear that the particles χ couple only to the massive dark photon and to the SM Z boson, and not to the massless photon, a fact that is well-known,
(we drop the 0 subscript on the Z field from now on as m Z0 ≡ m Z ). Also, the electrically charged SM particles, like the electron, couple to the dark photon with coupling
In the model just introduced we must thus consider the existence of three distincts populations (or sectors, or reservoirs) of particles in the early stages of the universe. The main reservoir consists of the SM particles; they will be assumed to be in thermal equilibrium at a temperature T . The hidden sector consists on one side of the χ particles and their antiparticles (DM) and, on the other side, of the dark photons. These two populations do not have to be necessarily in thermal equilibrium with each others or with the SM sector. Their respective abundance depends then on how the 3 reservoirs are connected with each others. The dominant processes directly connecting the SM and DM populations are pair annihilation of SM particles (or Z boson decay for some mass range) into DM pairs [2] . The strength of these processes is essentially set by a single parameter (the "millicharge"),
The processes connecting the SM reservoir and the dark photon population are on the other hand determined by the parameter; these a priori include Bremsstrahlung e ± e ± → e ± e ± γ (which may be neglected), Compton scattering e ± γ → e ± γ , pair annihilation e + e − → γγ , and coalescence e + e − → γ . They involve distinct powers of α but also distinct temperature dependence and so are dominant in different mass and temperature regimes. As for the processes connecting the DM and dark photon populations, they are set by α and are dominated (at lowest order in α ) by γ γ ↔ χχ. The Feynman diagrams for all these connecting processes are shown in where the blobs represent schematically the reservoirs and the lines the possible connections. In the massless case the triangle of Fig. 1 has one connecting edge less since there is no direct connection between the hidden photon and SM populations. This, in brief, explains why there are more DM production regimes in the massive case than in the massless case.
III. PHASE DIAGRAM OF DARK MATTER PRODUCTION
We now turn to the systematic discussion of the dependence of the DM relic abundance on the connector parameters, starting from an empty reservoir in the dark sector, passing through all the regimes, up to a dark sector that is fully in thermal equilibrium with the SM. For the sake of clarity and generality, we will not include in this section any of the thermal effects that are specific to the dark photon setup. Instead, thermal effects on dark photon production, which can be very important in some cases as we shall see, will be determined and discussed in Section IV. Also, in this section and the sequel, we will rely heavily on the results obtained in Ref. [2] , to which we refer for more in-depth discussions of some of the production regimes, including explicit expressions for the relevant cross-sections (given in that reference for a massless dark photon).
The DM abundance depends on the DM and dark photon masses and two among the three connector parameters κ, α and eff , since only two are independent, see Eq. (2.9). Thus, for a given set of χ and γ masses, one can for instance give the relic abundance as contour lines in the κ − α plane. This representation leads to a "phase diagram" that displays the various regimes. Note importantly that for all the discussion below we will always assume that m γ < m DM so that DM is always kinematically free to annihilate into dark photons. The opposite case m γ > m DM leads to a different (and simpler) phenomenology that we will not discuss here. The phase diagram comes out from integrating a set of Boltzmann equations that determine the evolution of the DM and γ yields as function of the visible sector temperature. For the case of a massless dark photon, the contour lines of constant DM relic density in the phase diagram have roughly the shape of a rectangle (dubbed the "mesa" in [2] ), displaying 5 regimes, along 4 dynamical production mechanisms. These 4 mechanisms are freezein (Ia in the classification of Fig. I ), reannihilation (IIIb), secluded freeze-out (IVb) and ordinary freeze-out (with freeze-out either to dark photons, Va, or SM particles, Vb, leading all together to 5 distinct regimes). Starting with an empty hidden sector, the DM abundance is reached through the following sequence of regimes
In particular, the freeze-in regime, Ia, proceeds through slow κ driven SM → DM processes and leads to a vertical line at small κ in the "mesa" structure of the phase diagram, see [2] . When the dark photon mass matters, this simple vertical line structure does not hold anymore and instead one has a more complicated structure for small κ. Actually, one can distinguish 4 more regimes for values of κ that are small enough so that the SM → DM processes do not thermalize. This is illustrated by the phase diagram depicted in Fig. 4 which we get for one example set of masses, m DM = 3 GeV and m γ = 1 GeV. Much heavier DM candidates are of course possible, as shown in Fig. 5 , for m DM = 100 GeV and m γ = 10 GeV. More to the point, the phase diagram, which shows contour lines of constant DM relic density, has a distinct shape: the "mesa" has an extension toward much smaller value of the κ parameter, suggesting the shape of a "mooring bollard". These features, and the corresponding new regimes, are, as we shall see, due to the possibility of dark photon production of DM. The most generic sequence of regimes appearing along the mooring bollard pattern is the one appearing in Figs. 4 and 5, that is to say
Ia
This structure, on top of the regimes already existing in the massless case (Ia, Va and Vb), involve 3 new regimes: Ib, II and IIIa. The fourth new regime, IVa, as well as the 2 other regimes already existing in the massless case (IIIb and IVb), can appear for other choices of the parameter and more generally for other models. The four new regimes arise from the extra SM production of dark photons. In all cases the mooring bollard shape of the phase diagram is a generic signature.
The general set of Boltzmann equations that determine the evolution of the DM and γ abundances (Y DM,γ = n DM,γ /s, with s the entropy density and n DM = n χ +nχ) as a function of time, and so that leads to the phase diagram, takes the form
where H is the Hubble parameter and z = m DM /T , with T the temperature of the visible sector. The quantity Γ D refers to the Z decay rate into a pair of DM particles. In writing these Boltzmann equations, we assumed that the dark photon is lighter than the dark matter (excluding for instance the channel γ → χχ). A sum over the different SM ↔ DM and SM ↔ γ channels is implicit everywhere in these equations. In the sequel, so as to avoid cluttering of the equations, we will regroup the scattering and decay terms involving SM particles into
and
Although the Boltzmann equations contain many terms, for most production regimes, only one or two of these terms are relevant. As we will see too, these equations are not sufficient to correctly determine the amount of DM produced in the reannihilation regimes, which are characterized by a hidden and visible sectors with distinct temperatures: in these cases, one also needs to evaluate the energy that has been transferred from the SM to the hidden sector particles.
To understand the distinction between the various production regimes, it is useful to start by delimiting the regions of parameter space depending on whether the various connecting processes lead, or not, to thermalization. To determine whether the DM particles thermalize with the SM thermal bath, we take the simple criteria
with Γ SM↔DM = γ eq SM ↔DM /n eq DM (z). This leads to the following condition on the millicharge parameter,
which is depicted by a vertical line in Figs. 4 and 5. As for the thermalization of the dark photons with the SM thermal bath, what matters typically is if thermalization (which leads to E γ ∼ T ) has occurred by the time when the DM number freezes, T ∼ m DM . Thus similarly to the condition above, we use
as the condition for the thermalization of the dark photons with the SM, which numerically translates in a condition on the (in principle effective, but we remind the reader that we neglect the thermal effect for the time being) mixing parameter, 
III.1. Freeze-in: regimes Ia and Ib
The Ia freeze-in regime corresponds to production of DM particles directly from the SM particles, through outof-equilibrium processes SM → DM parameterized by κ.
In this regime, α is assumed to be too small for the processes γ → DM to play any role. Thus, in Eq. (3.3) only the SM → DM term is relevant for producing the DM.
Regime Ia :
For fixed DM mass, the production depends only on the parameter κ so the observed relic abundance is given by a vertical line in the phase diagram, corresponding to the lower left corner in Fig. 4 . Note that for small value of α , and with the value of κ that this freeze-in regime requires κ ∼ 10 −10 , values of lie above the critical value th for thermalization of dark photons Eq. (3.10). Thus, unlike for the SM → DM freeze-in scenario in the massless dark photon case, in this instance the dark photons thermalize with the SM sector, forming a single thermal bath characterized by the temperature T . However, this thermalization does not change anything to the dynamics of this freeze-in regime as a function of T , since the DM particles are created dominantly by the SM particles. The only effect is that the thermalized γ modify the number of relativistic degrees of freedom and thus the Hubble expansion rate. The modification is of order g γ /g SM = 2/g SM ∼ 10 −2 , a small effect that we neglect in Fig. 4 .
In Fig. 6 we show as a function of m DM the κ required to reach the observed relic abundance in the Ia regime, which we note κ Ia . Effectively, as the thermalized dark photons play a negligible role in the production of the DM particles, this curve is essentially (modulo a slight dependence on the dark photon mass in the dark photon propagator) the same as in the massless dark photon case [2] . The dependence of κ Ia on m DM is complicated by the fact that the dominant production channels depend also on m DM , but otherwise the number of DM particles created through SM i SM i → DM DM is simply related to equilibrium quantities evaluated at a temperature
12) where the c i are coefficients of order unity and that depends on the channel considered [2] .
Going up along the vertical line of the Ia regime depicted in Fig. 4 , the value of α increases while that of decreases. Thus, at some point, become smaller than th (given in Fig. 4 by the diagonal dashed line). However, before this could happen and while the dark photons are still in thermal equilibrium with the SM, α becomes large enough for the thermal dark photons to sizeably pair produce DM particles. So, in this case, DM becomes dominantly produced through γ → DM freeze-in instead of SM → DM freeze-in. Clearly, in this case, a smaller value of κ is required to avoid over-production of DM particles and as a result the abundance depends only on α , giving rise to the horizontal line depicted in Fig. 4 . This "freeze-in from dark photons" regime is denoted as Ib in this figure. 3 For this regime the only relevant term in the Boltzmann equation is the one producing DM from dark photon:
2 so that the DM yield is simply given by
14) with c γ = O(1). In the limit m γ m DM , we found that the value of α required to create the right amount of DM particles out-of-equilibrium from the γ is
where the dependence on the in equilibrium SM degrees of freedom stems from the Hs factor in the denominator of Eq. (3.14). As stated above, the value of κ in the Ib regime must be below that of Ia, κ Ia , so as to avoid overproduction of DM. However, if it becomes much smaller than κ Ia , we enter in yet another regime, which we now discuss.
III.2. Sequential freeze-in: regime II
As we move along the Ib regime line towards smaller values of κ in Fig. 4 , the value of decreases. Thus at some point becomes smaller than th , i.e. the dark photons no longer thermalize with the SM. At this point, clearly Eq. (3.13) does not apply since n γ is not anymore equal to its equilibrium value n eq γ . Thus the system enters a new regime in which none of the processes induced by κ, or α have ever been in thermal equilibrium. Also, the SM → DM freeze-in processes induced by κ are clearly too slow to be efficient since κ κ Ia . However, it turns out that the slow out-of-equilibrium production of dark photons from the SM (which is controlled by ) followed by the slow out-of-equilibrium production of DM by these un-thermalized dark photons can produce enough DM. We thus have a chain of successive freeze-in processes, something we dub "sequential freeze-in", see regime II in Fig. 4 . As DM → γ and γ → SM processes have a negligible impact in this regime, they drop from the Boltzmann equations which take the form Regime II :
where
With respect to the equilibrium reaction density, this reaction density is suppressed by a (n γ /n eq γ (z)) 2 factor, with n γ determined by the first Boltzmann equation, Eq. (3.16). As the number of dark photons produced by SM particles is proportional to 2 , the number of DM particles, which is proportional to n
Thus, in the sequential freeze-in regime, the relic density depends only on κ (as in Ia freeze-in regime, albeit with a smaller value of κ < κ Ia ) and corresponds to a vertical line in the phase diagram, as seen in Fig. 4 .
The line separating regime Ib and II is the line for which = th . Consequently, the value of κ required to reach the DM abundance in regime II is set by setting = th while taking α = α Ib for the regime Ib, Eq. (3.15). For example, for the masses considered in Fig. 4 this gives 18) in good agreement with the numerical value shown in this figure. This shows that along sequential freeze-in it is possible to have a SM to DM connection (i.e. millicharge κ) which may be orders of magnitude weaker than along the ordinary freeze-in regime: for the example of Fig. 4 κ II is 3 orders of magnitude smaller than κ Ia . We give in Fig. 6 the value κ II as a function of m DM corresponding to the observed DM relic density. This is aimed at illustrating the fact that sequential freeze-in requires a smaller value of κ. Thermal effects below will somehow change the details of the picture, but not this overall conclusion, which we deem to be general for model with relatively light mediators. Fig. 6 also shows that, for large values of m DM /m γ , κ II tends to κ Ia , meaning that the only relevant mechanism to produce DM in this case is regime Ia in this region of parameter space. This merging of regime II (and thus of the intermediate regime Ib too) with the ordinary Ia freeze-in regime for large values of m DM /m γ is due to the fact that more massive DM candidates are produced at higher temperatures and thus at earlier times. If the dark photons have less time to thermalize with the SM, they will need a comparatively larger mixing to achieve it. Thus, the turning from phase Ib to II occurs for a larger value of κ, making κ II to get closer to κ Ia . Fig. 4 along regime II towards larger values of α , clearly, at some point α becomes large enough for the DM and the dark photon to reach thermal equilibrium so that the system enters a new regime called reannihilation. As explained at length in Ref. [2] , this regime holds if two conditions are fulfilled. First, it requires that thermalization of the dark sector occurs without thermalization with the SM sector. Consequently, the system is composed of two thermal baths (the SM and the hidden sector) characterized by two different temperatures, T and T with T > T . Second, this regime requires that the slow out-of-equilibrium production of dark sector particles from the SM ones is still efficient at the time of freeze-out of the DM into hidden sector particles (which takes place at a temperature T ≤ m DM ). In this case, DM freezes later than in the case of a standard freezeout in the hidden sector (i.e. a "secluded freeze-out", see below) and undergoes a period of reannihilation.
Moving in
In the present case, reannihilation could be achieved in two distinct ways, depending on whether the hidden sector is populated through SM → γ (controlled by ) or through SM → DM (respectively κ) slow processes. These regimes are noted IIIa and IIIb respectively in Figs. 2d, 2e and 4. Now, in practice, if one moves towards larger values of α along the sequential freeze-in regime (regime II) line in Fig. 4 , the system enters into regime IIIa and not regime IIIb. This simply stems from the fact that, with a value of κ as small as the one which holds for regime II and which is smaller than for the ordinary SM → DM freeze-in Ia regime, DM particles can not be sizeably produced through SM → DM processes. Consequently, we begin with regime IIIa and discuss next regime IIIb.
The value of α for which the transition from II to IIIa regimes occurs corresponds to the minimum value of α for which the DM ↔ γ processes thermalize before the number of DM particles freezes. This is determined by requesting that the rate for γ → DM is larger than the Hubble rate when the out-of-equilibrium SM → γ source stops creating dark photons with an energy large enough for the γ → DM process to proceed, that is when
In this equation, the number density of dark photons that have been created out-of-equilibirium from the SM, n γ , can be related to their number density if they where in thermal equilibrium with the SM thermal bath, n eq γ , multiplying it by the square of the ratio between and the value th that leads to thermalization, given in Eq. (3.10), so that n γ = ( / th ) 2 n eq γ (T ). Thus, the value of α IIIa at the II to IIIa transition follows from the one required for the DM ↔ γ processes to thermalize if the dark photon was in thermal equilibrium with the SM, as
This gives
Once the dark photons and the DM particles have thermalized, the abundance of γ and DM particles are governed by the following set of Boltzmann equations:
The γ ↔ DM terms are responsible for the thermalization between the γ and DM particles. They account for the fact that the γ number density is the one at equilibrium taken at temperature T , i.e. Y eq γ (z ), so that the corresponding reaction rate is γ eq γ ↔DM (z ). The first term of the first equation describes the slow production of dark photons from the SM.
The above Boltzmann equations can be solved provided we know T as a function of T . This is determined from integrating the Boltzmann equation for SM to hidden sector energy transfer [2] zH dρ dz
In reannihilation regime IIIa, the second term dominates the process of energy transfer. Plugging the equation of state p (ρ ) into this equation allows to determine ρ , which in turns gives T as solution of
The DM production dynamics and the final amount of DM particles obtained from these Boltzmann equations along the reannihilation regime have been discussed in Ref. [2] . The final amount of DM it gives, Ω DM , approximately scales as log(
This gives a Ω DM ∝ log(α )/α 2 scaling, explaining why this regime leads to a line which is close to horizontal in the phase diagram of Fig. 4 .
As said above, IIIa reannihilation regime is a new regime that is absent in the case of a massless dark photon. In the latter case, the reannihilation regime which shows up is IIIb, along which the dark sector is populated through SM → DM processes, see Ref. [2] . In this case, the Boltzmann equations are the same as for the regime IIIa, trading the γ SM↔γ source term in Eq. (3.22) for a γ SM↔DM source term in Eq. (3.23). For the massive dark photon case, we will see below that this regime occurs only when one includes the thermal corrections and when m γ is much smaller than m DM , so that the phase diagram is approximately the same as for the massless case (i.e. with the shape of a "mesa", displaying only Ia, IIIb, IVb, Va and Vb regimes). As explained in Ref. [2] , the regime IIIb leads to an abundance Ω DM which scales as log(α κ)/α 2 .
III.4. Secluded freeze-out: regimes IVa and IVb
As we have seen, the reannihilation regimes occur when the slow source term producing hidden sector particles from SM particles is still active at the time when the temperature of the thermalized hidden sector, T , becomes smaller than m DM . If the source term becomes inactive before T ∼ m DM , the system would not be in the reannihilation regime but, instead, the DM particles would undergo a simple "secluded freeze-out". By this, we mean standard, text-books freeze-out, except that it takes place in a hidden sector, characterized by a temperature T which differs from that of the visible sector, T (see Ref. [2] for details).
In practice, though, secluded freeze-out does not occur in the instances depicted in Figs. 4 and 5. This stems from the fact that, for the values of the masses considered for these figures, with in particular m γ < m DM , the SM → γ source term is still active at T ∼ m DM . This is so because there is no IR mass scale which could cut-off this source term at T m DM . Nevertheless, there are values of the masses for which the secluded freeze-out regime clearly occurs. This is in particular the case if m γ < m DM < m e , as in this case the mass of the electron cuts the SM → DM and SM → γ source term at T ∼ m e , which can occur before T goes below m DM . In principle, one can distinguish two regimes here, depending on whether the dominant source term comes from the SM → DM or SM → γ processes, corresponding to IVa and IVb regimes respectively. However, in practice, without taking into account thermal corrections, in this case only the regime IVa takes place because the SM → γ source term naturally dominates in the region of parameter space in the secluded regime. Thermal corrections change this picture. As we shall see below, the regime IVb is the one which applies in this case. In all cases, the relic density is essentially determined by the value of α , leading to an approximately horizontal line in the phase diagram, see Fig. 4 and Ref. [2] .
III.5. Freeze-out: regimes Va and Vb
Finally, from the reannihilation or secluded freeze-out regimes, if we increase κ (and consequently ), at some point all particles form a single thermal bath, characterized by a single temperature T , so that DM undergoes a standard freeze-out. This happens when, on top of the α driven processes which were already in thermal equilibrium in the previous regimes, the κ driven processes and/or the driven processes thermalize. Thus, such a transition into the freeze-out regime takes place when either κ becomes larger than κ th , Eq. (3.8) or becomes larger than th , Eq. (3.10). Also, the freeze-out can be dominated either by the γ ↔ DM annihilation process (leading to regime Va, depending only on the value of α , horizontal line in Fig. 6 ) or by the SM ↔ DM process for larger values of κ (leading to regime Vb, which depends only on the value of κ, vertical line in Fig. 6 ). The transition between regimes Va and Vb itself occurs when the SM ↔ DM rate becomes larger than the γ ↔ DM one.
IV. INCLUDING THERMAL EFFECTS
All the discussion of DM production regimes above has been done without including any thermal effects and is generic of what could also happen in other models of DM based on three sectors with three connectors. The dark photon model we considered is a bit special, as it is known for displaying specific thermal effects, which can be important in some cases. This has been studied at length in the context of dark photon production, in particular in stars [24] [25] [26] [27] [28] [29] . Based on these studies, we will discuss now these effects (focusing on dark photon production in the early universe) and on the change they imply for each DM production regimes unveiled in the previous section.
The most relevant issue concerns how to treat the limit m γ → 0, starting from a massive dark photon. Indeed, in the massive case, one distinguishes the dark photon interaction and mass eigenstates bases (see Section II above), while for m γ → 0 the A µ and A µ fields are degenerate and the distinction between the bases disappears. More concretely, this implies that, in the massless limit, dark photons do not couple to SM particles and so cannot be produced, see the discussion following Eq. (2.2). How to take this effect properly into account is subtle but, in presence of a medium, as in the universe or inside of stars, this has been extensively studied in the literature and, eventually, clarified [24] [25] [26] [27] [28] [29] . As this problem is central for a proper incorporation of the thermal effects, we recap the key results of these works in Appendix A, while here we only summarize the salient points, working in the interaction basis. In a thermal bath, a propagating dark photon can mix with an ordinary photon, which in turn interacts with the plasma of charged particles. This process is depicted in Fig. 7 . In this figure, the double (single) wiggly lines depicts the dark photon (resp. photons) propagators. The crossed circles represent their mixing ∝ m 2 γ and the blob is the photon polarization in the thermal bath, for instance made of relativistic e + e − particles. The dashed straight line is a cut associated to taking the imaginary part of the photon polarization tensor. In vacuum, if non-zero, this cut would be related to the decay rate of the dark photon into, say e + e − pairs, but in a plasma it includes also the dark photon creation rate from coalescence processes, i.e. e + e − → γ [24, 30] . By the same token, a cut in a two-loop diagram with photon exchange within the polarization tensor would lead to the dark photon creation rate from Compton scattering, say γ e ± → γ e ± , and pair annihilation, i.e. e + e − → γ γ , etc.
FIG. 7. The imaginary part of the dark photon propagator (double wiggly lines) in a medium includes both its decay rate and creation rates.
On top of this, in a medium one must distinguish the behavior of the transverse and of longitudinal components of the photon polarization tensor. The latter corresponds to genuine excitations of the medium, known as plasmons, see e.g. [31] . This, in turn, impacts the creation rate for production of transverse and longitudinal dark photons. As we discuss in Appendix A, in most of the range of interest for dark matter particle production in the early universe, creation of dark photons is dominantly through transverse photons [27, 28] . In a thermal bath, the latter behave essentially as massive particles, with a thermal mass (here noted ω T ) [32] .
where Π γ,T is the self-energy of transverse photons and e i is the electric charge of the relativistic particles present in the primordial plasma. Taking this into account, the creation of transverse dark photons proceeds through an effective mixing parameter → eff , with
The numerator comes from the mixing mass term in Eq. (2.3) and the denominator from the transverse photon propagator with virtuality k 2 = m 2 γ . In the resonance region m γ ≈ ω γ,T , one must take into account the finite width of in-medium transverse photon modes, ∝ Im Π γ,T Re Π γ,T . Production at the resonance m γ ∼ ω T will play an important role in the sequel, but, essentially, the substitution rule in Eq. (4.2) implies that the production of dark photons is suppressed at high temperature/low dark photon mass, m γ ω T . In particular, in the limit m γ → 0, eff → 0, which means that there is no more SM ↔ γ connection, so that the massless dark photon case is recovered smoothly (i.e. if m γ = 0, it can be rotated away and thus does not couple to SM EM currents). This phenomenon is familiar from the MSW effect in neutrino oscillations, in which oscillation into other neutrino flavors is suppressed by the frequent neutrino interactions in matter. In the opposite limit, however, eff → , and the production of dark photon is only suppressed by the bare mixing parameter, as in vacuum.
5 Notice also, the substitution of Eq. (4.2) is for production of (transverse) dark photons on mass-shell and not in processes with exchange of virtual photons/dark photons, which are essentially insensitive to the dark photon mass. The rational behind Eq. (4.2) is discussed in Appendix A.
The main practical consequences of the above discussion for the production of massive dark photons and DM in the early universe is that the dark photon production is suppressed at high temperature (compared to its mass) and subsequently is resonantly enhanced once ω T ≈ m γ . The latter occurs at a temperature approximately equal to T res (a few) m γ . This implies that if m DM is larger than m γ by more than one to two orders of magnitude, i.e. if m DM T res , there is basically no significant production of dark photons from the SM at times that are relevant for DM production, so one recovers a mesa-shaped phase diagram similar to the massless case. Thus regimes Ib, II, IIIa and IVa are irrelevant and only regimes Ia, IIIb, IVb, Va and Vb remain, as in the massless case. In the first panel (a) we have taken m γ = 1 GeV, m DM = 100 GeV and couplings that lead to the observed relic density when we include the thermal effects (κ = 2 × 10 −11 and = 5.6 × 10 −9 ). Given that DM is two orders of magnitude heavier than the dark photon, this panel shows that, as expected, the production of dark photons is suppressed at high temperatures, and in particular at temperatures that are relevant for DM production, T m DM . As a result when the dark photon yield becomes important, around T res m γ / (a few), the production rate of DM from dark photon pair annihilation is already too much Boltzmann suppressed to play any sizeable role in the final amount of DM (red solid line). This means that DM is mostly produced directly through κ driven SM → DM processes and that the relic density is very close to the one obtained considering a massless dark photon (red dotted line). Thus the value of κ is close to the value one needs in the massless case, κ II κ Ia = 2 × 10 −11 . If, instead, one considers the dark photon as massive but neglect the thermal corrections, there is no suppression of the dark photon production at high temperatures and DM is sizeably produced through dark photons. As a result, one obtains a larger DM relic density (red dashed line). Therefore, without thermal corrections, one would need a smaller value of κ. Indeed, for these masses, regime II applies so that the overall scaling of the dark photon production of DM is ∝ 4 α 2 ∝ κ 4 , in which case one would need κ II = 2 × 10 −12 .
The second panel (b) illustrates the opposite situation, where the dark photon and DM masses are closer, m γ = 1 GeV, m DM = 3 GeV. Again this is shown for values of the couplings that lead to the observed relic density taking into account thermal corrections, κ II = 3.6×10 −14 and = 10 −11 . With thermal effects included, the resonance appears at a temperature close to m γ ∼ m DM . As the production rate of DM from dark photon is not Boltzmann suppressed when the dark photon production is resonantly enhanced, the DM abundance strongly increases, following the behavior of the dark photon abundance. Consequently, the thermal corrections strongly enhance the DM production from dark photon pair annihilation, and this both with respect to the massive case without thermal correction and with respect to the massless case. This implies that the value of κ needed with thermal corrections is smaller than the one required in the massless case, κ Ia ≈ 10 −11 , and is also smaller than the one needed in the massive case without thermal corrections, κ II = 3 × 10 −13 . In the latter case, the production is not suppressed at high temperatures but is not boosted afterwards by any resonance in the production. See Appendix A for a more detailed study of the effect of the resonance on the DM production. Many of the features just explained can also be read off Fig. 11 which, as Fig. 6 , gives the value of κ as a function of m DM for m γ = 1 GeV and m γ = 10 GeV, but including the thermal corrections.
One related general consequence of thermal effects is that they affect the thermalization of the dark photons with the SM thermal bath. As a result, the simple criterion Γ/H > 1 of Eq. (3.9) has to be corrected, as the production can be resonantly enhanced around T ∼ T res (see Eq. (4.2) and Appendix A). Thus, taking into account thermal effects, to determine whether thermalization occurs (i.e. if n γ reaches ∼ n eq γ (z)) one needs to solve explicitly the Boltzmann equations. In this way, we find that the thermalization condition becomes
Comparing with Eq. (3.9) , we see that, as expected, a smaller value of is needed for the dark photons to thermalize with the SM sector. Fig. 9 gives the phase diagram obtained including the thermal effects, for the same value of m DM and m γ than in Fig. 4 , i.e. m γ = 1 GeV, m DM = 3 GeV. One observes that, as expected from Fig. 8 , the "mooring bollard" shape of the phase diagram is accentuated by the thermal corrections, as the gap between the values of κ in the Ia and II regimes is larger. Similarly, Fig. 10 gives the phase diagram including the thermal effects for the same values of the masses as in Fig. 5 . To explain the various changes in these phase diagrams, we now revisit each regime one by one. Freeze-in regimes: In the Ia regime, the thermal effects are small, simply because the SM → γ processes are ir- relevant in this regime. In regime Ib instead, the approximation we used of taking n eq γ (z) in the Boltzmann equation of Eq. (3.13) does not give always the correct result. Instead, one has to take the actual value of n γ , as determined from Eq. (3.17). If m DM m γ , Eq. (3.17) will give n γ ≈ 0 and the Ib regime will disappear. Instead, if m DM m γ , n γ will be enhanced by the resonance and regime Ib will be relevant for a larger range of couplings. The latter case is manifest in both phase diagrams with thermal effects. If the resonance is at T < m DM /3 (i.e. intermediate DM masses), the γ γ → DMDM freeze-in process is Boltzmann suppressed and so is not as efficient as assumed when deriving the α Ia coupling. Thus, the turn towards smaller value of κ can happen for larger values of α , see Fig. 10 for such an example. Sequential freeze-in: for m γ not much smaller than m DM , as in Figs. 9 and 10, the thermal effects lead to smaller values of κ than without thermal corrections (see the discussion on the second panel of Fig. 8 which gives the observed relic density along this regime). With thermal corrections, this regime leads to a vertical line in the phase diagram (as in the case without thermal corrections) because the Y γ ∝ 2 and γ γ ↔DM ∝ α 2 scalings remain unchanged. For m γ m DM this regime and the intermediate regime Ib merge with the standard Ia freeze-in regime, as shown in Fig. 11 for two choices of dark photon masses (solid lines). Compared to Fig. 6 (reproduced as dashed curves), the noticeable features are that resonant production of dark photon leads to even smaller values of κ (see the discussion revolving around Fig. 8 ) and that the regimes II (orange and blue curves) and Ia (green curve) merge for relatively smaller values of m DM /m γ , for reasons explained above. Reannihilation regimes: for m γ not much smaller than m DM , as for Figs. 9 and 10, we have seen above that the production of DM is boosted from the fact that the production of γ is resonantly boosted at a temperature which is still relevant for DM production. Thus the IIIa production regime, i.e. DM through γ , dominate even more over SM → DM production than in the case without thermal corrections (where it was already dominant, see above). Instead, for m γ m DM regime IIIb, where SM → DM processes dominates, applies as in the massless case. Secluded freeze-out: for m γ < m DM < m e , the IVa regime, which applies in absence of thermal effects, see above, does not apply anymore as in this case the production of dark photons is highly suppressed. This is due to the fact that, at T m γ , the γ productions is suppressed by thermal corrections and that for T ∼ m γ < m e there is no sizeable resonant production as the production is anyway Boltzmann suppressed. Regime IVb nevertheless can apply for m γ m DM , when production from the SM model is dominated by Z-decays, as in the massless case, see Ref. [2] . There is no IIIa to IVb transition (but only IIIa to Va transition) because, as κ increases, so does and thus the production of dark photons. Freeze-out regimes: since all particles are thermalized in a single thermal bath, the effects of the above thermal corrections on the dynamics of these regimes are negligible.
V. COMMENTS ON CONSTRAINTS
As the goal of our work is primarily the classification of the ways of producing DM, we only briefly comment on possible constraints, with a focus on the harder to test, small κ regimes. Indeed, as is well-known, much of the parameter space corresponding to the freeze-out and reannihilation regimes of model (1.1) are already constrained or excluded, including by the direct detection searches, see e.g. [2, 33] . For the parameter ranges relevant for the freeze-in regimes, no consequent productions at colliders and indirect detection experiments of hidden sector particle is expected in general. The rates of processes relevant for those searches, i.e. SM → γ or SM → γ → DM processes are typically strongly suppressed by the tiny parameters. Even so, if the mediator is light enough (meaning m γ < 20 MeV in the case of direct detection searches of DM in the m DM GeV and above range), Rutherford scattering of DM on nuclei may be strongly enhanced, so that for some values of the masses direct detection experiments are already testing the freeze-in regime [2, 33] . For lighter dark matter candidates, constraints on the parameter space of the freeze-in regime of millicharged dark matter will be possible in the future, exploiting scattering of DM off electrons, provided the dark photon is light enough, m γ keV [34] . Sequential freeze-in, as well as freeze-in regime Ib, in which DM is produced by the mediator, here the dark photons, extend the range of viable DM candidates toward even more feeble DM to SM couplings. In the case of the dark photon, the existence of these regimes is correlated to the mass of the dark photons, and in particular to the thermal effects discussed in Section IV. Specifically, for dark photons much lighter than DM, m γ m DM , the production of DM is effectively as in the massless dark photon regime, and so along the standard Ia freeze-in regime. This does not precludes the possibility that the new freeze-in regimes could also be tested by direct detection, including for other models than (1.1) [35] .
Light dark photons and light millicharged particles are also constrained by stellar as well as CMB (cosmic microwave background) and BBN (big bang nucleosynthesis) measurements. In particular, the impact of massive, feebly coupled dark photon produced by freeze-in on cosmological observables has been studied in details [36] (see also [29] ). BBN can constrain dark photons that have an hadronic decay channel open, m γ > 2 × m π ∼ 300 MeV while CMB measurements are relevant for lighter dark photons 2m e m γ 100 MeV, through their energy injection from dark photon decay into e + /e − . For instance, if m γ = 1 GeV, as in the phase diagram of Fig. 9 , then the range 10 −12
10
−10 , which should show as an oblique band in the phase diagram of Fig. 4 , is excluded by BBN, as can be seen from Fig. 5 of Ref. [36] . At the same time, for m DM = 3 GeV, the sequential freeze-in runs from 10 −12 II 3 × 10 −7 , roughly, so that several candidates whose abundance are set by sequential freeze-in are not excluded by BBN measurements (or, for that matter, by any other kind of currently known constraints). For m γ = 10 GeV, the range that is constrained by BBN corresponds to 5×10 
VI. GENERALIZATION TO OTHER MODELS
The model we considered above has a particular structure where the three connections are determined by only two independent parameters. One could therefore wonder if the overall DM production regime picture we have obtained above is deeply connected to this particular structure or is more general. In this section we would like to stress that this picture applies to other models and that in particular the sequential freeze-in regime could lead to the observed relic density in many setups. In some cases it can even be the only possible way to produce DM.
To illustrate this discussion, let us take another example, where DM is a fermionic particle χ, coupled to a scalar particle φ,
From such a structure, if the φ scalar field does not acquire any vev, clearly one cannot create any DM particle directly from the SM (at lowest order in Y χ and λ φ ). The way to produce DM from the SM is then to create first φ particles and from there DM particles. Thus the three new regimes we presented above, Ib, II, IIIa and IVa are the generic possible ones, with Y χ and λ φ playing the role of e and in the kinetic mixing model above, respectively. In particular if none of the interaction thermalize the sequential freeze-in is the only possible one. If instead the φ scalar field has a vev, it mixes with the Higgs boson and one gets a structure very similar to the one of the kinetic mixing model above, with 2 parameters inducing the 3 connections between the SM, φ and ψ fluids. DM can be pair produced from SM particles through Higgs and φ exchange, from a combination of the Y χ and λ φ interactions (similar to the κ combination above), φ can be produced from the SM through λ φ (similar to above) and DM particles can be produced by φ particles through the Y χ interaction (similar to the e coupling above). 6 Thus one expects a phase diagram similar to the one we obtained above.
The structure of the phase diagram of Fig. 4 is deeply connected to the fact that the sizes of the SM to mediator and mediator to DM interactions implies a lower bound on the size of the processes which connect directly SM and DM particles. For the kinetic mixing case this is quantified by the κ = α /α relation. For the scalar mediation example of Eq. (6.1) a similar phenomena occurs. If instead one would have three totally independent connections between the three sectors, still the various regimes encountered above would be possible, in particular the sequential freeze-in, but the overall picture would become more complicated, as the phase diagram becomes a 3-d diagram, rather than a 2-d one, as in Fig. 4 . 7 In this case one can produce dark matter in the 9 ways described above. Thus at least 9 regimes are possible, along the 5 different dynamical ways of producing DM from the SM, already mentioned above: freeze-in, sequential freeze-in, reannihilation, secluded freeze-out and freeze-out.
VII. CONCLUSIONS
In this work, we have analysed the problem of DM production in the framework of a very popular model in which DM is charged under a hidden sector U (1) and interacts with SM particles through kinetic mixing. It is impressive that such a simple framework can lead to a structure of DM production regimes as rich as the one we have uncovered. Indeed, we have found that DM production out of the SM thermal bath through the kinetic mixing portal involves no less than 5 different dynamical ways, and this along 9 distinct regimes! This result, which we obtained considering the dark photon to be massive, generalizes the massless dark photon case for which 4 dynamical ways, along 5 regimes, were operative [2] . The 4 new regimes, including the one based on a new DM production mechanism which we dub "sequential freeze-in" (regime II in our classification of possible regimes), all involve prior production of dark photons by SM particles. While we focused on the kinetic mixing portal model, the structure we have found is actually characteristic of DM setups in which, on top of the SM particles and DM particles, there are other particles, akin to the dark photons, which can couple both to the SM and DM particles. More precisely, it is characteristic of models in which these 3 fluids communicate along 3 connections, which are due to 2 different interactions, here α and . Such a structure thus applies to many possible DM models. Despite of the relative complexity of the DM production structure, a simple picture emerges in the phase diagram, as depicted in the plane α vs κ = α /α. Indeed, the different production regimes follow a universal pattern composed of vertical and (almost) horizontal lines in the phase diagrams, arranged in a shape suggesting a "mooring bollard".
In practice, the 4 new DM production regimes turn out to be operative when the mediator, here the dark photon, 7 A simple possibility of this kind would be to have a scalar mediator φ and a scalar DM particles φ DM with 3 quartic terms,
If both φ and φ DM have no vev, the 3 connections remain fully independent at tree level and lowest order in the couplings. Thus one has still a minimum size for one connection as a function of the other 2, but loop suppressed, which somewhat changes the overall picture.
is lighter than the DM particles by a factor m γ /m DM 10 −2 . Below this bound, the mass of the hidden photon is effectively negligible and one recovers the regimes of DM production of the massless case studied in details in Ref. [2] . In particular, one recovers in this limit the characteristic "mesa" shape in the phase diagrams.
The new "sequential freeze-in" dynamical production mechanism (regime II) involves the slow, out-ofequilibrium production of dark photons, followed by a slow out-of-equilibrium production of DM from these dark photons. We find interesting that such a chain of freeze-in production of particles is operative and can lead to the observed relic density even in a model as simple as the kinetic portal. The other new regimes are DM freezein production from a thermalized population of dark photon (Ib), reannihilation (IIIa) and secluded freeze-out (IVa) through freeze-in production of dark photons. For these new regimes, the thermal effects on dark photon production turn out to be important. On the one hand, they suppress the production of dark photons, and thus of DM, at temperature above the dark photon mass. On the other hand, they imply subsequently a resonant production of dark photon, which can strongly boost the DM production.
takes the form [32] 10
The behaviors of the dispersion relations of the transverse (solid blue) and longitudinal (solid orange) modes are depicted in Fig. 12 . 
Dispersion relations for ωT (k) (blue solid) and ωL(k) (orange solid) in the relativistic regime T me. They are normalized to ωP = 1. The dashed orange line is the dispersion relation of a standard massive particle. The dispersion relation of the transverse mode has ωT = ωP for small k and ωT ≈ 3/2ω 2 P + k 2 for large k. That of the longitudinal mode has ωL = ωP for small k but asymptots to ωL ≈ k for large k. Also shown is the wave-function normalization ZL (green solid) which goes to zero at large k, revealing that the longitudinal mode propagates only for small enough momenta. 10 We use here the definition of the longitudinal polarization tensor of [27, 28] 
For a longitudinal plasmon mode close to on
, which differs from that of [32] ,
To be clear, while we consider the real part of the self-energy only to leading order in α,the imaginary part Im Π L may include higher order corrections in α, so as to describe, for instance, Compton emission, etc.
where, using Eq. (A7), the wave-function normalization Z L is given by
which satisfies Z L → 1 as k → 0 but goes to zero for k ω P , as shown in Fig. 12 (green solid) . This reflects the fact that the longitudinal mode mostly exists for moderate momenta. From this and (A5) we get 
As the rate for production of longitudinal photon modes itself is ∝ m 1. So production of dark photons is dominantly through production of longitudinal photons at high temperature, ω P m γ [27, 28] . At lower temperatures however, which is the regime relevant for infrared dominated freeze-in production,
as Z L 1 so production is dominantly through bona fide transverse photons [27, 28] . Thus, the production of onshell dark photons proceeds essentially as in vacuum, but with cross-section in which the mixing parameter should be replaced by , all contributions to the dark photon yield as a function of the inverse temperature. One can distinguish contributions from pair annihilation and Compton processes for both transverses (red dashed) and longitudinal modes (blue dashed), from the coalescence process (orange dashed) and from all contributions together (solid black). For the coalescence, we have taken into account the thermal corrections to the mass of the SM particles that annihilate into a dark photon [26] . Fig. 13 illustrates all the contributions to the production of dark photons. There, one recognises the high temperature suppression of transversal modes (Eq. A13) and the low temperature suppression of the longitudinal mode (Eq. A14).
Appendix B: A note on dark Higgs production In the body of this work, we assumed that the only relevant degrees of freedom for DM production are, beside the SM particles, the dark photon and the dark matter itself. They thus apply as such if the mass of the dark photon arises through the Stückelberg mechanism. If, instead, the U (1) is broken through the Brout-EnglertHiggs mechanism, our underlying basic assumption is that the dark Higgs (h ) is much heavier than both the dark photon and the dark matter, i.e. that m h m γ = λ 2πα 1 and
where λ and v are the dark Higgs quartic coupling and vev. We assumed, for simplicity, that the DM is vectorlike so that m DM can be taken to be independent of v , a hypothesis that could be relaxed in a more elaborated scenario. Now α is a (very) tiny parameter for most of the parameter space we consider, so these conditions can be easily met. If this is not the case (for instance if for some reason λ itself is a small parameter) then we may have e.g.
If this is the case, the system becomes more complex, as we must in principle take into account the abundance of h particles on top of that of the DM and the dark photons, see Fig. 14.
. An interesting aspect of this scenario is that the process of associated production of dark Higgs (or darkHiggsstrahlung) SM → h γ is unsuppressed in the limit m γ → 0, and scales as [39, 40] 
for large √ s (m h + m γ ). As κ = α /α, the rate of h production is proportional to α and not α 2 as naively expected from the vertex L ⊃ e 2 v h A µ A µ ≡ e m γ h A µ A µ . This result, familiar from SM Higgs physics, can be traced back to the fact that the process (B3) is dominated by longitudinal γ emission at large energies. Hence, the connection between the SM sector and the h is controlled by κ, precisely like the DM itself, see Fig. 14 . By the same token, the connections between the h , the γ and the DM are all driven by e .
From the above discussion and the (approximate) symmetry of Fig. 14 we thus expect that the production of the dark Higgs will proceed as that of DM, starting from the freeze-in regime Ia for tiny values of α , then Ib with production of h and DM from γ in thermal equilibrium with the SM sector, etc. So the abundance of h should essentially track that of DM, Y h ∼ Y DM , and this at least as long as T m DM . Thus, if sequential freeze-in occurs, the contribution of the process h γ → χχ should be subdominant compared to that of the process γ γ → χχ. Consequently, and while a more detailed analysis may be of interest, we tentatively conclude that, generically speaking, the presence of h should not affect significantly the structure of the phase diagram depicted in Figs. 9 and 10.
As for the symmetric phase, in which m γ = 0, it would contain two DM candidates, as the complex scalar associated to the dark Higgs would also be stable (by charge conservation), and both would be produced at similar rates for tiny couplings. In particular, as the abundance at freeze-in is Y DM ∝ 1/m DM (baring production from Z boson decay, see [2] ), both particles will give (roughly) a similar contribution to the DM energy density, Ω DM ∝ m DM Y DM . While reannihilation and subsequent regimes may have a richer structure than in a scheme with a single DM candidate, we expect the phase diagram to follow essentially the "mesa" pattern studied in [2] .
